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Summary
Background: Animals control the speed of motion to meet
behavioral demands. Yet, the underlying neuronal mecha-
nisms remain poorly understood. Here we show that a class
of segmentally arrayed local interneurons (period-positive
median segmental interneurons, or PMSIs) regulates the
speed of peristaltic locomotion in Drosophila larvae.
Results:PMSIs formed glutamatergic synapses onmotor neu-
rons and, when optogenetically activated, inhibited motor ac-
tivity, indicating that they are inhibitory premotor interneurons.
Calcium imaging showed that PMSIs are rhythmically active
during peristalsis with a short time delay in relation to motor
neurons. Optogenetic silencing of these neurons elongated
the duration of motor bursting and greatly reduced the speed
of larval locomotion.
Conclusions: Our results suggest that PMSIs control the
speed of axial locomotion by limiting, via inhibition, the dura-
tion of motor outputs in each segment. Similar mechanisms
are found in the regulation of mammalian limb locomotion,
suggesting that common strategies may be used to control
the speed of animal movements in a diversity of species.
Introduction
Animals move over a range of speeds depending on the inter-
nal and environmental conditions. In axial locomotion, such as
swimming, crawling and multileg walking, timing of sequential
contraction of the muscles along the length of the body is a
leading factor determining the speed of the movement. During
limb walking in mammals, the frequency of left-right and
flexor-extensor alternation is the major determinant for speed
control. In either case, the speed of locomotion must be regu-
lated by the neural networks, including the central pattern-
generating (CPG) circuits and sensory inputs, which coordi-
nate sequential activation of muscles [1, 2]. Yet, how the neural
circuits generate motor outputs with varying speed remains
poorly understood.
Previous studies have identified interneurons involved in
axial propagation of neural activity by electrophysiological
approaches in annelids [3], crustaceans [4], fish [2, 5], and
amphibians [6]. More recent studies in mice and zebrafish*Correspondence: nose@k.u-tokyo.ac.jpused genetic approaches to begin to elucidate the role of spe-
cific locomotor interneurons in vivo [7–12]. A major break-
through in understanding vertebrate locomotor circuits was
the discovery of a transcription factor code that is conserved
across vertebrate species such as zebrafish, Xenopus, and
mice and that enabled researchers to identify and genetically
manipulate specific interneurons [13–16]. In mammals, four
classes of putative spinal CPG interneurons, V0, V1, V2 and
V3, are derived from progenitors that are located in discrete
domains in the spinal cord and express different sets of tran-
scription factors. Of these, V1 neurons are premotor inhibitory
interneurons derived from progenitors expressing En1 and
characterized by their ipsilateral axon projection [8, 17, 18].
In isolated spinal cords of mice lacking V1 neuronal function,
the duration of motor bursts and the step cycle of the motor
output were prolonged, suggesting a role for V1 neurons in
the regulation of the speed of locomotion.
Drosophila larval peristaltic motion is a promising model
system in which to investigate neural circuits underlying axial
locomotion, since it is possible to manipulate specific subsets
of neurons with the use of sophisticated genetic tools in a
relatively simple nervous system [19–21]. The behavior is
generated by a coordinated wave of motor activity from poste-
rior to anterior segments [22–31]. In normal conditions at
room temperature (w25C), the speed of forward peristalsis
is remarkably stereotypic (w1 s/cycle), suggesting that it is
rigorously regulated. However, the larvae move much faster
at high temperatures (e.g.,w32C), when deprived of food or
in response to noxious sensory stimuli, and crawl more slowly
at low temperatures (e.g., w18C), indicating that the speed
can be adjusted to meet internal and external demands
[32, 33]. Although much work has been done on the role of
motor neurons and sensory neurons [34–37], little is known
about the identities of interneurons that regulate larval
locomotion.
In the present study, we aimed to identify interneurons
related to motor control using genetic dissection of the central
circuits involved in larval locomotion. Using calcium imaging,
we identified a class of premotor interneurons expressing
per-Gal4 [38] (period-positivemedian segmental interneurons,
or PMSIs) as being activated sequentially from posterior
to anterior segments during peristalsis. Optogenetical and
behavioral analyses suggest that the interneurons control the
speed of larval locomotion by limiting the duration of motor
outputs in each segment via inhibition. Our results on PMSIs
and previous studies on vertebrate V1 neurons suggest that
termination of motor bursting via on-cycle inhibition may be
an evolutionarily conserved mechanism for speed control of
animal locomotion.
Results
PMSIs Exhibit Segmentally Propagating Activity
during Peristalsis
We reasoned that interneurons involved in motor control
would show a rhythmic activity pattern, so we used calcium
imaging to search for neurons with wave-like rhythmic activity.
We used the GAL4/UAS system [39] to express the genetically
Figure 1. Wave-like Activity Propagation in per-Positive Median Segmental Interneurons
(A) Calcium imaging of per-Gal4-expressing interneurons. Snapshot images of activity propagation in the neurites of PMSIs are shown. Arrowheads show
local elevation of Ca2+ signal.
(B) Time course of the fluorescence intensity. The signal averaged in the regions enclosed by circles in (A) is plotted in a color-matched manner.
(C and D) Dual color Ca2+ imaging of PMSIs and motor neurons.
(C) A snapshot of dual color Ca2+ imaging of motor neurons (with eve-GCaMP5; green) and PMSIs (with per-R-GECO1; magenta). An arrow indicates the
putative contact sites. The circle indicates the region of interest of the Ca2+ imaging data in (D).
(D) Trace of the dual color Ca2+ imaging. The peak of PMSI activation follows that of motoneuronal activation in the same segment and precedes that in the
anterior segment.
Scale bars, 10 mm. See also Figure S1 and Movies S1, S2, S3, and S8.
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2633encoded Ca2+ indicator GCaMP [40–42] and analyzed the
spatiotemporal pattern of the Ca2+ signal in dissected larvae
undergoing fictive locomotion. We first studied the activity of
the motor neuron population to confirm that our imaging sys-
tem recapitulates the motor activity. We observed traveling
waves of segmental Ca2+ signal elevation in both the forward
and backward directions (Figures S1A and S1B and Movie
S1 available online). Simultaneous imaging of motor neuronal
activity and muscular contraction showed that the activity
waves of motor neurons occur coincidentally with the propa-
gation of local segmental contraction of the body wall (data
not shown). These results indicate that our imaging system re-
produced the neuronal activity pattern underlying locomotion.
When period-Gal4 (per-Gal4 [38]) was tested, we observed a
wave of neural activity propagating longitudinally (Figure 1Aand Movie S2). As described below, per-Gal4 drives expres-
sion in the ventral nerve cord (VNC) mainly in a group of
neurons near the midline in each segment, which we termed
PMSIs. Wave-like activity was seen in these cells. A plot of
the signal intensity in successive segments shows that the
activity propagation is wave like, as seen for motor neurons
(Figure 1B). The speed of the wave was comparable to that
of thewave ofmotor neuron activity (Figure S1C). Furthermore,
the activity propagation occurred concurrently with muscular
constriction (Figure S1D and Movie S3). Thus, PMSIs show a
rhythmic activity pattern correlated with peristalsis.
PMSIs Are a Group of Local Interneurons
We studied the morphology of per-Gal4-expressing cells, first
by labeling them with a membrane-bound GFP, mCD8-GFP.
Figure 2. PMSIs are local interneurons that form glutamatergic synaptic contacts with motor neurons
(A) Gross anatomy of per-Gal4-expressing cells. Confocal images of the ventral nerve cord expressing mCD8-GFP (green) driven by per-Gal4 are shown. In
the ventral nerve cord, the expression is confined to PMSIs near themidline (arrows), with the exception of a pair of neurons in a lateral position (arrowheads).
(B and C) Anatomy of per-Gal4-expressing cells in single segments. These neurons first projected dorsally, then turned laterally and extended below the
Fas2-positive TP1 tract toward the DL tract, made a loop around the DL tract to project backmedially along the TP1 tract, and finally terminated in the dorsal
neuropile region (tract nomenclature according to [43]). Arrows indicate putative presynaptic terminals of PMSIs. Anti-Fas2 staining (magenta) was used as
a reference coordinate system.
(D and E) Single-cell labeling of PMSIs. The main branch of the axon terminals projected anteriorly along the longitudinal tract (white arrows), with a shorter
subbranch projecting posteriorly. Anti-Fas2 staining (magenta) was used as a reference coordinate system.
(F) Glutamatergic synaptic contacts between PMSIs and motor neurons. The reconstituted GFP signal (green) colocalized with staining for vGluT (magenta,
arrows).
(G) Schematic drawing of the trajectory of PMSIs (green) in relation to motor neurons (magenta).
Ventral (A), dorsal (B and D), and frontal (C, E, and F) views are shown. Scale bars, 10 mm. See also Figure S2.
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2634As shown in Figures 2A–2C, per-Gal4 expression is largely
confined, in the ventral nerve cord, to a group ofw20 neurons
located in the ventral portion of the midline in each segment,
which we termed PMSIs, with the exception of a pair of
neurons in a lateral position. Most, if not all, PMSIs extended
axons in a common axon pathway, suggesting that they
share similar functional characteristics. The common axon
pathway first projected dorsally toward the dorsal midline,
then turned laterally and extended toward the lateral edge of
the neuropile, made a loop around the DL tract to project
back medially, and finally terminated in the dorsal neuropile
region. From the main axon trajectory, several collaterals
extended to different neuropile regions.
We next performed mosaic analysis [44] to study the
morphology of individual per-expressing neurons (Figures
2D and 2E). Single-cell analysis confirmed that a majority
of PMSIs send their axons along the common trajectory
described above (21 of the 24 clones examined). The axon
terminals of these neurons in the dorsal neuropile region
are largely confined within the same segment (Figure 2D),
indicating that they are local interneurons.PMSIs Form Glutamatergic Synaptic Contacts with Motor
Neurons
The region occupied by the axon terminals of PMSIs overlap-
ped to a large degree with that occupied by the dendrites of
motor neurons (Figures S2A and S2B), suggesting that PMSIs
are presynaptic to motor neurons. To examine this further,
we used the GRASP (GFP reconstitution across synaptic part-
ners) technique [45, 46]. When a split GFP fragment was
expressed in motor neurons and the complimentary GFP frag-
ment in PMSIs, reconstituted GFP signals were detected in the
contact region (Figures 2F, S2C, and S2D). No GFP signal was
detected in this region when each GFP fragment alone was ex-
pressed in motor neurons or in per-Gal4 neurons (Figure S2E),
indicating the specificity of the reconstituted GFP signal. The
results imply that PMSIs are premotor interneurons.
Previous electrophysiological analyses show that larval mo-
toneurons are excited by acetylcholine (Ach) and inhibited by
g-aminobutyric acid (GABA) and glutamate [47]. We therefore
tested whether PMSIs express markers for these transmitters
and found that the PMSI terminals express a glutamatergic
marker, vesicular glutamate transporter (vGluT [48]), but not
Figure 3. Photostimulation of per-Gal4 Neurons Inhibits Motor Function
(A) ChR2 activation targeted to per-Gal4 neurons blocked larval locomotion. Animal postures from three consecutive time frames, either with or without light
illumination, were superimposed. Scale bar, 1 mm.
(B) Reduction in the events of peristaltic locomotion by photostimulation of per-Gal4 neurons or R70C01-Gal4 neurons. Each horizontal line represents a
180 s time course from a single larva. Each filled circle indicates occurrence of forward peristaltic locomotion, and open circles indicate backward peristaltic
locomotion. The light was applied from time point 0 s to 120 s. Note the difference among different controls in the time required for resuming locomotion and
in the occurrence of backward wave during illumination, which may be due to different genetic backgrounds.
See also Figure S3 and Movie S4.
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2635a cholinergic marker, choline acetyl transferase (ChAT) [49], or
a GABAergic marker, GABA [50] (Figures S2F–S2H). The vGluT
expression colocalized with the GRASP signals between
PMSIs and motor neurons (Figure 2F). These axon terminals
also expressed the presynaptic marker synaptotagmin [51]
(Figures S2I and S2J) and showed strong Ca2+ elevation in
Ca2+ imaging (Figure 1A), consistent with their being presyn-
aptic sites. In summary, our anatomical analyses suggest
that PMSIs are local inhibitory interneurons that connect with
motor neurons in the same segment (Figure 2G).
Optical Activation of PMSIs InhibitsMotor Function Locally
If it is the case that PMSIs are inhibitory premotor interneu-
rons, then activation of these neurons may inhibit motor
neuron activity, leading to relaxation of body-wall muscles.
To test this possibility in vivo, we expressed channelrhodopsin
(ChR2) [52] in per-Gal4 neurons and optically stimulated these
neurons during locomotion. A blue-light stimulus elicits a light-
avoidance behavior with a short pause in forward locomotion
[53]. Control larvae kept moving (including backward peri-
stalsis and head swinging) and resumed forward locomotion
within 15 s (UAS-ChR2: 4.5 6 1.0 s [n = 10]; per-Gal4: 12.3 6
2.4 s [n = 10]). In contrast, when the light was applied to larvaeexpressing ChR2 in per-Gal4 neurons, the photostimulation
instantaneously induced relaxation of the entire body, and
the larvae remained immobilized during the duration of the
light illumination (up to 120 s; Figure 3 and Movie S4; ten out
of ten cases in per-Gal4, UAS-ChR2 compared to zero out of
ten cases in the driver control per-Gal4 or the effector control
UAS-ChR2; p < 1 3 10210, Fisher’s test). Thus, activation of
per-Gal4 neurons induces paralysis of the larvae.
We next tested whether we could induce motor inhibition by
focal activation of per-Gal4 neurons. Since PMSIs are local in-
terneurons that innervate and potentially inhibit motor neurons
in the same segment, focal activation of PMSIs may inactivate
motor function in specific segments. We applied focal illumi-
nation to a portion of the ventral nerve cord in dissected larvae.
We first applied the light to larvae in a resting state (between
peristaltic contractions) and found that local stimulation of
per-Gal4 neurons induced local relaxation of the musculature
(Figure 4A and Movie S5). As expected, stimulation of the
anterior, middle, and posterior portions of the ventral nerve
cord induced relaxation of the muscles in the anterior, middle,
and posterior portions of the body wall, respectively (local
relaxation induced by 75% [43/57 trials] of anterior stimula-
tions, 90% [28/31] of middle stimulations, and 94% [31/33] of
Figure 4. per-Gal4 Neurons Inhibit Motor Function Locally
(A) Focal photoactivation of per-Gal4 neurons in a portion of the ventral
nerve cord in resting larvae induced local relaxation of the body-wall mus-
cles in the corresponding segment. Top: a snapshot of a dissected larva
under focal laser illumination. Scale bar, 100 mm. Bottom: the middle and
right panels are kymographs showing local responses of muscles in an
‘‘anterior’’ and ‘‘posterior’’ segment, respectively. The horizontal axis repre-
sents the spatial distribution of signal intensity along a line shown in the
top panel, and the vertical axis represents time flowing from the top to the
bottom. Motion of body wall can be observed as disturbance of vertical
stripes (white arrowheads). The left panel (VNC) shows signal intensity along
themidline of the ventral nerve cord in the horizontal axis (anterior to the left)
and time in the vertical axis, thus indicating the timing of laser stimulation in
an anterior and posterior region in the ventral nerve cord. Scale bar, 5 s.
(B and C) Focal photoactivation of per-Gal4 neurons arrests peristalsis.
A wave of muscular contraction in a dissected larva without (B) or with
(C) focal photostimulation. The genotype is per-Gal4, UAS-ChR2. Asterisks
indicate the contracted body-wall segment. The top panels show a higher-
magnification view of the ventral nerve cord. Scale bar, 100 mm.
See also Movies S5 and S6.
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2636posterior stimulations). Next we studied the effect of local
stimulation on peristalsis. We applied focal photostimulation
to an anterior portion of the nerve cord (which corresponds
to A1–A3) when peristalsis was initiated at the posterior seg-
ments. The peristalsis was arrested (100%of 18 trials in exper-
imental larvae [per-Gal4, UAS-ChR2; n = 6 larvae] as compared
to 0% in 31 trials in effector control [UAS-ChR2; n = 6 larvae],
p < 13 10210, Fisher’s test; Figures 4B and 4C andMovie S6) in
anterior segments corresponding to the site of optical manip-
ulation. Thus, elevation of per neuron activity in specific seg-
ment(s) locally terminates the propagation of motor activity
in the CNS. We have previously reported that when the activity
of motor neurons is temporally inhibited in one or a fewsegments with optogenetics, the motor wave temporarily
stops but resumes upon removal of the light inhibition [34].
In contrast, the motor wave did not resume when temporal
and local activation of PMSIs (and thus inhibition of motor
neurons) was removed. Instead, a new wave was initiated
from the posterior end. This difference may be due to require-
ment of normal PMSIs activity in the resumption of motor
wave.
Since activation of per-Gal4 neurons in the VNC was suffi-
cient to suppress motor function, PMSIs are probably respon-
sible for the observed phenotype. However, involvement of
other per-Gal4-expressing neurons in the VNC, a pair of lateral
neurons, could not be excluded. We therefore searched for
and identified an independent Gal4 line, R70C01-Gal4, that
specifically drives expression in PMSIs. R70C01-Gal4 drives
expression in four out of 12 PMSIs, plus two cells in each
hemisegment of the VNC, with no overlap with per-driven
expression other than in PMSIs (Figure S3). Activation of
R70C01-Gal4-expressing neurons with ChR2 arrested the
larval forward locomotion (Figure 3B). Although the arrest
was not as complete as when per-Gal4 was used, presumably
because only a subset of PMSIs is targeted by R70C01-Gal4,
the time required for the resumption of locomotion was greatly
increased (R70C01-Gal4: 11.1 6 2.4 s [n = 10]; R70C01-Gal4,
UAS-ChR2: 53.56 5.6 s; p = 1.63 1025). Induction of the arrest
phenotype with two independent sparse Gal4 lines, whose
overlap in expression is limited to PMSIs, strongly suggests
that activation of PMSIs inhibits motor function.
PMSIs Regulate the Speed of Locomotion
Next, we investigated whether PMSI function is necessary for
normal larval locomotion by expressing Shibirets [54] in these
neurons. When the function of per-Gal4 neurons was inhibited
at a restrictive temperature, the speed of peristalsis greatly
decreased (Movie S7). We quantified the phenotype by
measuring the time required for propagation of one peristaltic
wave using time-lapse images of the larvae undergoing loco-
motion (Figure S4A). There was a significant decrease in the
speed of peristalsis compared to controls (Figure 5A). Similar
results were obtained by blocking the activity of per-Gal4 neu-
rons with halorhodopsin (NpHR) (Figure S4B). To examine the
longer-term consequences of the locomotion defects, we also
traced the path taken by the larvae expressing Shibirets in per-
Gal4 neurons freely moving on agar gel and observed a signif-
icant reduction in the total path length after 5 min (Figures 5B
and 5C).
We performed the following experiments to exclude the
involvement of per-Gal4-expressing neurons other than PMSIs
in the locomotion phenotype. We first used teashirt-Gal80
(tsh-Gal80 [55]) to repress per-Gal4 driven expression in the
VNC, but not in the brain (Figure S4C). When Shibirets expres-
sion was induced by the intersection method, the locomotion
phenotype was completely rescued, indicating that inhibition
of per-Gal4-expressing neurons in the VNC was responsible
for the phenotype (Figure S4D). Expression of Shibirets in glia
or in muscles, other tissues expressing per-Gal4 ([38] and our
unpublished data), also did not induce the behavioral defects
(Figure S4E). We next used an independent Gal4 line for
the PMSIs described above, R70C01-Gal4, to exclude
the involvement of other neurons in the VNC. The reduction in
the speed of larval locomotion was induced when Shibirets
was expressed by R70C01-Gal4 (Figure S4F). Furthermore,
repression of per-Gal4 driven expression in subsets of
PMSIs with R70C01-Gal80 partially but significantly rescued
Figure 5. Inhibition of per-Gal4Neurons with Shibirets Decreased the Speed
of Larval Locomotion
Blocking neurotransmission in per-expressing neurons decreased the
speed (A) and path- length (B and C) of locomotion. All experiments were
performed at 32C unless otherwise noted.
(A) Quantification of the speed of locomotion. See Figure S4A for details.
(B and C) Path-length assays. Traces (B) and quantification (C) of the path
taken by larvae undergoing locomotion for 5 min are shown. Traces of
two larvae are shown in each image in (B). Scale bar, 10 mm.
***p < 0.001, ANOVA. Numbers of larvae examined are shown above
the graphs. Error bars indicate the SEM. See also Figures S4 and S5 and
Movie S7.
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2637the Shibirets-inducedphenotype (Figures S4GandS4H). These
results strongly suggest that PMSIs, but not other per-Gal4
neurons, are responsible for the speed reduction phenotype.
Finally, we took advantage of the fact that PMSIs, but not other
per-Gal4-expressing neurons, are vGluT positive (Figures
S5A–S5D) and used RNAi-mediated knockdown of vGluT
to specifically block the transmission of PMSIs in the VNC
(Figures S5E and S5F). Blocking synaptic transmission of
PMSIs with small interfering RNA of vGluT slowed down larval
locomotion (FigureS5G). Taken together, these results indicate
that activity of PMSIs is crucial for speed control of larval
locomotion.
PMSIs Confine the Duration of Motor Neuron Bursting
and Muscle Contraction
How do PMSIs control the speed of locomotion? One possibil-
ity is that they do so by restricting the duration of motorbursting via inhibition, as has been proposed for vertebrate
V1 neurons (see the Introduction). We therefore examined
whether the activity of PMSIs regulates the burst pattern of
motor neurons by combining extracellular recording of motor
nerves with optogenetics (Figure 6A). We recorded from the
transverse nerve (TN) since it contains only one motor axon
[56] and thus allows high-resolution analyses ofmotor bursting
compared to the other motor nerve (segmental nerve; data not
shown). We used NpHR [34] to block the activity of PMSIs with
light illumination. In control larvae, illuminationwith yellow light
didn’t affect the overall pattern of the motor bursting. In
contrast, in the larvae expressing NpHR in per-Gal4 neurons,
light illumination elongated the duration of the burst activity
and increased the number of pulses in a single burst (Figures
6B–6D and S6A–S6C). We also performed extracellular nerve
recording from two neighboring segments (Figures 6A and
6B) to study the intersegmental delay of motor bursting. The
intersegmental delay was elongated by blocking per-Gal4
neurons (Figures 6B, 6E, and S6D). Thus, PMSIs regulate the
duration and intersegmental propagation of motor bursting.
We also asked whether temporal inactivation of PMSIs, by
prolonging motor bursting, also elongates the duration of
muscle contraction. We studied this by visualizing muscle dy-
namics in freely moving larvae expressing GFP in body-wall
muscles (Figure 7A) [36]. As expected, the duration of muscle
contraction was elongated by inhibition of PMSI activity (Fig-
ures 7B and 7C). The degree of muscle contraction (measured
as the shortening of segment length) was not affected (data
not shown). These results confirm the electrophysiological
analyses described above and show that PMSIs are crucial
for limiting the duration of segmental motor activity. The re-
sults also show that not only TN motor neurons but also other
motor neurons are regulated by PMSIs.
Temporal Relationship between the Activation of PMSIs
and Motor Neurons
Since PMSIs inhibit and terminate motor neuron (MN) activity,
the timing of PMSI activation in relation to that of MNs may
be critical in the regulation of locomotion. We examined this
by dual-color Ca2+ imaging of PMSIs and MNs. Since we
observed slight variations in the timing of activation among
the PMSIs, we focused this analysis on the dendrites of two
MNs, aCC and RP2, which express eve-Gal4 [57] and innervate
dorsal muscles, and the axon terminals of the PMSIs that
innervate these MNs. We first confirmed that these MNs form
GRASP- and vGluT-positive presumptive synaptic contact
sites with PMSIs (Figures S1E and S1F). We then expressed
the green Ca2+ indicator GCaMP5 in eve-MNs and the red
Ca2+ indicator R-GECO1 [58] in PMSIs (by using per-LexA) in
order to identify the region of interest in the apposing pre-
sumptive post- and presynaptic sites of these cells (Figure 1C).
The dual-color Ca2+ imaging showed that PMSIs are activated
slightly later than the MNs in the same segment (peak-to-peak
delay: 2.0 6 0.2 s [n = 12]) and slightly earlier than the MNs in
the anterior segment during forward peristalsis (Figure 1D
and Movie S8). This temporal sequence of activity (PMSIs
follow MNs) is consistent with a role of PMSIs in limiting the
duration of motor bursting via inhibition.
Discussion
PMSIs Are Inhibitory Premotor Local Interneurons
PMSIs are, to our knowledge, the first interneuronal population
shown to be involved in Drosophila larval locomotion. Our
Figure 6. Optogenetic Inhibition of per-Gal4 Neurons Increased the Duration of Motor Burst and Intersegmental Delay of Motor Outputs
(A) A schematic drawing of the experimental system. Propagation of motor activity was monitored by waves of muscular contraction, not shown in the
drawing.
(B) Extracellular recordings from two neighboring segments, A3 (black) and A2 (red), during forward peristaltic motion. As forward motion propagates from
posterior to anterior segments, the motor burst in A3 is followed by that in A2. By optogenetic blockage of PMSIs with yellow light illumination (yellow bar),
the burst pattern is perturbed.
(C and D) Quantification of the effect of blocking per-Gal4 neurons on the duration of motor bursts (C) and pulse number (D). Burst durations (C) and pulse
number (D) normalized by those before light application are compared between effector control (n = 19 from four larvae) and per>NpHR (n = 8
from five larvae) larvae. Significant elongation in burst duration and pulse number was seen during light application (ON/before), but not after (after/before).
**p < 0.005, ***p < 0.001, Student’s t test.
(E) Quantification of the intersegmental delay. Intersegmental delay is defined as the time difference between peaks of maximum frequency in neighboring
segments. Effector control, n = 19 from four larvae; per>NpHR, n = 7 from four larvae. *p < 0.01, ANOVA test. The genotype of the effector control and
per>NpHR are UAS-NpHR; UAS-NpHR and per-Gal4, UAS-NpHR, respectively.
Error bars indicate the SEM. See also Figure S6.
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PMSIs are premotor local interneurons that inhibit motor
neurons in the same or a neighboring segment. Previous elec-
trophysiological analyses showed that GABA or glutamate
application elicits inhibitory responses in motor neurons
that reverse at near resting potential and are blocked by the
chloride channel blocker picrotoxin [47]. Based on these ob-
servations, it has been suggested that motor neurons express
Cl2-permeable GABA and glutamate receptors. Glutamate-
gated inhibitory channels have been identified and well char-
acterized in arthropods and other invertebrates including
C. elegans [59]. Although no such receptors are known
in vertebrates, previous structural and pharmacological
analyses suggest that invertebrate glutamate-gated chloride
channels are orthologous to vertebrate glycine channels [59].
Drosophila homologs of the receptors have been cloned and
shown to produce a glutamate-gated chloride current when
expressed in Xenopus oocytes [60] and exhibit inhibitory
action in Drosophila adult brain [61]. Thus, it is likely that
PMSIs inhibit motor neurons through glutamate-gated chlo-
ride channels. The motor neurons are also glutamatergic
but send excitatory input to the muscles. Previous studies
report that there are 40 putative vGluT-positive glutamatergicneurons in each hemisegment, of which 34 are motor neurons
and six are interneurons [48, 62, 63]. Since the number of
PMSIs is comparable to that of the estimated glutamatagic
interneurons, PMSIs most likely represent a majority of the
glutamatergic interneurons in the ventral nerve cord.
PMSIs Regulate the Duration of Motor Bursting
We demonstrated that the duration of motor bursting and
segmental muscle contraction is elongated when PMSIs are
inhibited. Our results indicate that PMSIs regulate the duration
of motor output in each segment by terminating motor
bursting. Consistent with this idea, our dual-color Ca2+ imag-
ing showed that activation of PMSIs is delayed with respect
to that of the postsynaptic motor neurons. This temporal
pattern allows PMSIs to regulate the time window of motor
firing via inhibition. Thus, a main function of PMSIs seems to
be to limit the duration of motor output.
Similar roles in shaping motor outputs have been proposed
for V1 neurons in mice and aIN neurons in Xenopus, both of
which are inhibitory interneurons expressing Engrailed and
have been proposed to share evolutionarily conserved roles
[8, 18]. Loss or acute inactivation of V1 neurons elongates
the duration of motor bursting during fictive locomotion in
Figure 7. Blocking per-Gal4 Neurons Elongates the Duration of Segmental Contraction during Peristalsis in Intact Larvae
(A) Snapshots from a movie of a crawling mhc-GFP larva, showing change in the length of the A3 segment (magenta lines). Scale bar, 0.5 mm.
(B) Example dynamics of the segment length during forward peristalsis of an effector control (mhc-GFP/+; UAS-shi/+) and per>shi (per-Gal4/mhc-GFP;
UAS-shi/+) larva.
(C) Duration of segmental contraction is elongated in per>shi (per-Gal4/mhc-GFP; UAS-shi/+) larvae compared to driver and effector controls (genotypes
per-Gal4/mhc-GFP and mhc-GFP/+; UAS-shi/+, respectively). n = 10 larvae for each genotype. ***p < 0.001, ANOVA. Error bars indicate the SEM.
(D) A model of speed regulation by PMSIs. PMSIs normally control the speed of locomotion by regulating the duration of motor bursts in each segment
through inhibition (left). In the absence of PMSI inhibition, the duration of motor output in each segment is elongated and, as a result, it takes longer for
the motor wave to propagate along the segments.
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2639isolated mouse spinal cord [8]. Xenopus aIN neurons provide
early-cycle inhibition to motor neurons and other CPG inter-
neurons during swimming [18, 64]. Thus, regulation by on-
cycle inhibition seems to be a commonmechanism for shaping
the duration of motor outputs in vertebrates and in Drosophila
larvae. Interestingly, PMSIs share several cellular properties
with vertebrate V1 and aIN neurons. The three classes of neu-
rons are all inhibitory premotor interneurons that are rhythmi-
cally activated during motor cycles. They are unipolar and
send their axons first toward motor neurons and then extend
an ascending ipsilateral axon longitudinally. Whereas V1 and
aIN use glycine as the inhibitory neurotransmitter, PMSIs
use glutamate, which is considered to be the invertebrate
counterpart of glycine [59]. These shared features may under-
lie the common function in motor control.
Speed Control of Axial Locomotion by PMSIs
Several mechanisms have been proposed for speed control
of animal locomotion, including the recruitment of different
motor neurons and change in electrophysiological properties
of motor and other CPG neurons (e.g., [65–67]). Our results
on PMSIs and previous studies on V1 and aIN neurons suggestthat limiting the duration of motor firing by inhibitionmight be a
phylogenetically conserved mechanism for speed control. In
mice lacking V1 neurons, not only the duration of motor firing
but also that of motor cycles is elongated, and thus the speed
of locomotion is reduced. Although the role of aIN neurons
in speed control has not been directly examined, close corre-
lations have been observed between the activity of these
neurons and the frequency of the tadpole swimming. We
demonstrated in this study that blocking activities of PMSIs
elongates the duration of motor bursting and reduces
the speed of axial locomotion in Drosophila larvae. Taken
together, these results suggest that evolutionarily distant
organisms with anatomically and functionally distinct motor
systems may adopt similar strategies for speed control of
locomotion. It is important to note that both activation and
inhibition of PMSIs activity lead to a decrease in locomotor
speed (paralysis upon activation with ChR2 and slowed
locomotion upon inhibition with Shits or NpHR). Thus, these
neurons need to be activated at an optimum level and timing
to output locomotion with appropriate speed.
It still remains to be determined how the change in the
duration of motor bursting affects the speed of locomotion.
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2640A simple model would be that since motor bursting in each
segment is elongated in the absence of PMSI activity, it takes
longer for the motor wave to propagate along the segments
(Figure 7D). In many undulatory movements, such as lamprey
and leech swimming and Drosophila larval crawling, interseg-
mental phase lag (not intersegmental time lag) remains con-
stant at different speeds [28, 68–70]. This is because the phase
of muscle contraction in different segments must remain con-
stant in order to maintain the same motor output pattern (e.g.,
forming approximately one full wave at a given time during
lamprey swimming). Because of this intersegmental coordina-
tion, segmental lag of motor activity may have to be prolonged
in the absence of PMSI activity tomatch upwith the elongation
of segmental motor bursting; otherwise, toomanymuscle seg-
ments would contract at the same time during peristalsis.
Indeed, our electrophysiological recordings showed that inter-
segmental time lag of motor firing was prolonged to a similar
extent as the motor bursting (w2 fold) when PMSI activity
was silenced. Likewise, in mice lacking V1 neurons, while the
left-right and flexor-extensor coordination is maintained,
both motor bursting and step cycles are elongated to a similar
extent (2- to 3-fold) [8]. Thus, a common strategy, limiting the
duration of motor bursting, may be used to regulate the speed
of diverse animal locomotion such as larval locomotion and
mammalian limb movements because it leads to changes in
the most critical parameters of the speed, intersegmental
time delay in axial locomotion, and left-right/flexor-extensor
step cycle in limb locomotion. Understanding how interseg-
mental coordination is regulated in Drosophila larvae is an
important future goal.
It is also important to explore what might be the upstream
neural circuits that activate PMSIs. Good candidates are
multidendritic neurons, which are known to be required for
fast larval locomotion and believed to feedback muscle
contraction status [35–37]. Another interesting possibility is
that PMSIs control the speed of locomotion in response to
environmental changes such as temperature or to meet inter-
nal demands such as hunger. Our preliminary data using the
GRASP technique suggest that PMSIs indeed receive afferent
projections from sensory neurons (H.K. and A.N., unpublished
data). Once the upstream neurons are identified, the input-
output relationship between these neurons and PMSIs can
be systematically studied using optogenetics and other
methods. We anticipate that such analyses will not only clarify
the roles of PMSIs in local neural circuits, but also shed light
on conserved mechanisms by which inhibitory interneurons
regulate animal locomotion.
Experimental Procedures
The complete details of the experimental procedures are provided in the
Supplemental Experimental Procedures.
Fly Strains
R70C01-Gal4 was identified by visually inspecting the Gal4 expression
data of more than 6,000 Gal4 lines available in FlyLight project at Janelia
Farm Research Campus [71] (http://flweb.janelia.org/cgi-bin/flew.cgi).
OK6-LexA, per-LexA, R70C01-Gal80, and lexAop2-R-GECO1 were gener-
ated according to previously described methods [72, 73]. Sources of all
fly strains and details on the generation of transgenic lines can be found
in the Supplemental Experimental Procedures.
Immunohistochemistry and Microscopy
Dissection, fixation and staining of larvae were performed as described
previously [74]. Sources of primary and secondary antibodies can be found
in the Supplemental Experimental Procedures.Calcium Imaging
Calcium imaging of the VNC in dissected larvae was conducted at a low
or high magnification with an Olympus MVX10 fluorescence microscope
equipped with a charge-coupled device camera (XCD-V60; Sony) or with
an upright microscope Axioskop2 FS (Zeiss) equipped with an EMCCD
camera (iXon; Andor) and a spinning-disk confocal unit (CSU21; Yokogawa),
respectively. Ca2+-free saline was used for high-magnification imaging
to avoid movement of the muscles. 3D dual color time-lapse imaging was
conducted using a Piezo actuator (Physik Instrumente) and a dual-view
system (CSU-DV; Solution Systems).
Optogenetic Activation
We stimulated behaving larvae with blue light (460–495 nm, w4 mW/mm2)
or yellow light (535–555 nm, w10 mW/ mm2) with a Hg light source under
stereoscopic microscopy (SZX16; Olympus). Local photostimulation was
applied to dissected larvae by an Ar laser (488 nm) under confocal micro-
scopy (FV1000; Olympus). A portion of the ventral nerve cord that spans
approximately one neural segment (100 mm 3 30 mm) was stimulated.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, six figures, and eight movies and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2014.09.026.
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